Astrocytes play an important role in glutamatergic neurotransmission, namely by clearing synaptic glutamate and converting it into glutamine that is transferred back to neurons. The rate of this glutamate-glutamine cycle (V NT ) has been proposed to couple to that of glucose utilization and of neuronal tricarboxylic acid (TCA) cycle. In this study, we tested the hypothesis that glutamatergic neurotransmission is also coupled to the TCA cycle rate in astrocytes. For that we investigated energy metabolism by means of magnetic resonance spectroscopy (MRS) in the primary visual cor- 
energy metabolism by means of magnetic resonance spectroscopy (MRS) in the primary visual cortex of tree shrews (Tupaia belangeri) under light isoflurane anesthesia at rest and during continuous visual stimulation. After identifying the activated cortical volume by blood oxygenation leveldependent functional magnetic resonance imaging, 1 H MRS was performed to measure stimulation-induced variations in metabolite concentrations. Relative to baseline, stimulation of cortical activity for 20 min caused a reduction of glucose concentration by 20.34 6 0.09 mmol/g (p < 0.001), as well as a 29% 6 1% decrease of the ratio of phosphocreatine-to-creatine (p < 0.05). Then 13 C MRS during [1, [6] [7] [8] [9] [10] [11] [12] [13] C]glucose infusion was employed to measure fluxes of energy metabolism. Stimulation of glutamatergic activity, as indicated by a 20% increase of V NT , resulted in increased TCA cycle rates in neurons by 12% (V TCA n , p < 0.001) and in astrocytes by 24% (V TCA g , p 5 0.007). We further observed linear relationships between V NT and both V TCA n and V TCA g . Altogether, these results suggest that in the tree shrew primary visual cortex glutamatergic neurotransmission is linked to overall glucose oxidation and to mitochondrial metabolism in both neurons and astrocytes.
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| I NT ROD U CTI ON
The mammalian brain has high energy demands, primarily met by high oxidative metabolism in mitochondria, which are important for reversing ion fluxes underlying synaptic transmission and action potential signaling in neurons (Attwell & Laughlin, 2001) . Over the last two decades, the investigation of brain energy metabolism in vivo with preserved cellular interactions has among others relied on magnetic resonance (MR) spectroscopy (MRS) techniques along with administration of 13 C-labeled tracers (Lanz, Gruetter, & Duarte, 2013) . Namely, MRS studies upon infusion of 13 C-enriched glucose revealed that focal activation of the rat cortex results in increased tricarboxylic acid (TCA) cycle flux (V TCA ) together with increased cerebral metabolic rates of glucose (CMR glc ) and oxygen (CMR O2 ; Hyder et al., 1996 Hyder et al., , 1997 Yang & Shen, 2006) . Glutamatergic activity has been considered to be coupled to glucose oxidative metabolism of neurons in the living brain, with minor involvement of astrocytic mitochondria (Hyder & Rothman, 2012) . Although the contribution of astrocytes for whole brain energy metabolism has long been underestimated, there are reports of increased oxidative metabolism in astrocytes in response to somatosensory stimulation (Chuquet, Quilichini, Nimchinsky, & Buzs aki, 2010; Cruz, Lasater, Zielke, & Dienel, 2005; Dienel, Schmidt, & Cruz, 2007;  Sonnay, Duarte, Just, & Gruetter, 2016) . Astrocytes are part of the socalled tripartite synapse, and actively integrate and fine-tune synaptic signaling (Volterra & Meldolesi, 2005) . Astrocytes also surround capillaries and participate in blood flow regulation (Gordon, Choi, Rungta, Ellis-Davies, & MacVicar, 2008) , contributing to the control of glucose and oxygen delivery from the blood stream.
While data from many laboratories confirmed that the rate of neuronal oxidative metabolism is coupled to that of the glutamate-glutamine cycle that represents glutamatergic neurotransmission (reviewed in Hyder & Rothman, 2012) , it remains to be ascertained whether the rate of oxidative metabolism in astrocytes is effectively coupled to neurotransmission.
Technical developments in 13 C MRS methods at high magnetic field, coupled to state-of-the-art metabolic modeling, allowed to investigate fluxes of energy metabolism in neurons and astrocytes with high precision, namely in small animals (Lanz et al., 2013) . However, the non-invasive study of activity-induced stimulation of metabolic networks by 13 C MRS, which requires long experimental paradigms, has been limited by the ability to deliver prolonged stimuli in a continuous manner. In anesthetized rodents, somatosensory stimulation paradigms result in a reduced blood oxygenation level-dependent (BOLD) functional magnetic resonance imaging (fMRI) signal 15-20 min after stimulation onset, likely due to neuronal and hemodynamic adaptations that can be mitigated with presentation of intermittent stimuli (discussed in Sonnay, Just, Duarte, & Gruetter, 2015) . In contrast, continuous and prolonged visual stimulation may be achievable by randomly delivering alternating patterns. The tree shrew (Tupaia belangeri) is a day-active non-primate mammal possessing a relatively large primary visual cortex (V1; Sesma, Casagrande, & Kaas, 1984) , characterized by specific orientation columns and direction selectivity (Bosking, Crowley, & Fitzpatrick, 2002) , as well as temporal and spatial frequency selectivity (Van Hooser, Roy, Rhodes, Culp, & Fitzpatrick, 2013; Veit, Bhattacharyya, Kretz, & Rainer, 2011) . The hemispheric representation of the visual space is moreover highly conserved in the tree shrew V1 (Drenhaus, Rager, Eggli, & Kretz, 2006) .
Therefore, the aim of the present study was to take advantage of the well-developed tree shrew V1 to characterize stimulationinduced metabolic adaptations using 1 H MRS and 13 C MRS along with [1, [6] [7] [8] [9] [10] [11] [12] [13] C]glucose infusion at high magnetic field (14.1 T) . In the present study, the measurement of labeling transference from [1, [6] [7] [8] [9] [10] [11] [12] [13] C]glucose into all aliphatic carbons of glutamate, glutamine and aspartate allowed to determine metabolic fluxes in both neurons and astrocytes. Therefore, we tested the hypothesis that the rate of oxidative metabolism in astrocytes is coupled to that of glutamatergic neurotransmission.
| M A TER I A LS A N D M ETH OD S
| Animal preparation
All experiments were performed under the Swiss federal law on animal experimentation, and were approved by the local authority (EXPANIM-SCAV).
Adult 0.5-6.6 years-old tree shrews (Tupaia belangeri; 7 females and 2 males) weighing 218616 g were randomly allocated to experimental groups: stimulation (n 5 5) and rest (n 5 4). Tree shrews were housed at University of Fribourg, in 6 m 3 -cages equipped with climbing, hiding and sleeping places. At most five animals were placed in the same cage. The room temperature was kept at 26 6 18C, the humidity was 50% 6 15%, and the light-dark cycle had 12 hr of light starting at 8:00 a.m. Animals received food pellets and water every day (ad libitum), and additional fruits were given once or twice a week.
On the day of the experiment, at 6:00 a.m., the tree shrews were transported in their nest boxes to the laboratory in Lausanne. Then, to avoid stress, they were initially induced with 4% isoflurane (Animalcare, York, UK) vaporized in 30% oxygen in N 2 O delivered into the next box. cally ventilated with a pressure-driven ventilator (MRI-1, CWE Ardmore, PA). Ventilation was initially set to a volume of 2-2.5 mL and a rate of 100 breaths/min. Catheterization of the femoral vein and artery of the left hind leg was then performed under 1.2%-1.5% isoflurane.
After surgery, isoflurane was reduced to 0.5%-0.7%, and the animal was placed in a home-built holder with ear and mouth inserts for head fixation.
A drop of 5 mg/mL atropine (PharmaciePlus, Bulle, Switzerland) was applied to the eyes for pupil dilation. Animals wore Boston ES-UV rigid gas permeable contact lenses (196 D; diameter of 7 mm, base curve radius of 3.8 mm, front curve radius of 2.45 mm; Hecht Contactlinsen GmbH, Freiburg, Germany) to compensate for their 24D emmetropic refractive state at a focal distance of 1 cm (Norton, Wu, & Siegwart, 2003) .
Heart rate, arterial blood pressure, body temperature, and breathing rate were monitored through the arterial catheter with an animal monitoring system (SA Instruments, Stony Brook, NY). Body temperature was regulated with a warm water circulation system based on the feedback obtained from a rectal temperature probe (SA Instruments).
Arterial pH and pressures of O 2 (P a O 2 ) and CO 2 (P a CO 2 ) were measured using the Cobas b121 analyzer (Roche Diagnostics, Rotkreuz, Switzerland) and were maintained at normal levels by adjusting respiratory rate and volume. In case of pH drop at normal P a CO 2 , sodium bicarbonate (Sigma-Aldrich) was infused at a maximum dose of 3 mmol/kg/h from a 3.75% (w/v) solution.
For
13
C MRS, [1, [6] [7] [8] [9] [10] [11] [12] [13] C]glucose (99.9% 13 C in both carbons; SigmaAldrich) was infused to achieve a constant fractional enrichment (FE) throughout the experiment (Duarte, Lanz, & Gruetter, 2011) . Plasma samples were collected for FE determination.
All infused solutions were prepared in 0.9% (w/v) NaCl.
| Visual stimulation
Visual stimulation was performed binocularly with a home-built MRcompatible device composed of two microcircuits, each containing 64 white light-emitting diodes (LED) with 1.75 mm 2 of lightened surface (Farnell, Zug, Switzerland), and spaced by 1.1 mm. The microcircuits were located outside the magnet bore, and LEDs were connected by 2.5-m long optic fibers to two non-magnetic 2-cm squared grids placed at 1 cm from the animal's eyes ( Figure 1a ). The microcircuits were interfaced via 8-digit LED display drivers to an Arduino Mega 2560 microcontroller (Play-zone GmbH, Cham, Switzerland) that was connected via universal serial bus to a computer for power source and for loading stimulation paradigms, which were coded in C language and loaded before the experiment. cycle/degree (Figure 1b) . Temporal frequencies of 3-5-7-10 Hz were used for V1 activation mapping. In prolonged stimulation paradigms, frames were presented with random temporal frequencies of 5 or 7 Hz, which elicit strong firing rates in cortical layers 4 and 2/3 (Van Hooser et al., 2013) . Frames were randomly switched every 5 sec. The display contrast was set to maximum in order to achieve maximal BOLD response (Liang et al., 2013) , and resulted in a luminosity of 45-50 LUX for all presented patterns.
| Electrophysiological experiments
To verify robust electrophysiological signal over many hours, an additional animal was anaesthetized and artificially ventilated as described above, and then was prepared as detailed in Veit, Bhattacharyya, Kretz, & Rainer (2014) . The animal was placed in a stereotaxic device that permitted visual stimulation using a 21-inch cathode ray tube monitor positioned at 40 cm from the animal, using Psychophysics Toolbox running on a Mac mini computer for visual stimulus delivery. Neuronal activity was recorded using tungsten electrodes (FHC, Bowdoin, ME) with 1 MX impedance at 1 kHz. Signal were amplified and digitized at 24 kHz sampling rate using a RZ5 system (Tucker-Davis Technologies, Alachua, FL).
| MRI and MRS
Experiments were performed on a 14. t value maps were computed on a voxel-wise basis from the comparison between the experimental data and the applied paradigm schemes using STIMULATE (Strupp, 1996) , as previously described (Sonnay et al., 2015) . Time courses from the voxels within the activated volume were used to calculate mean relative BOLD responses. ) also localized in V1. Spectra were saved in sums of 126 scans (5.3 min). Visual stimulation was started 10 min before [1, [6] [7] [8] [9] [10] [11] [12] [13] C]glucose infusion to achieve metabolic steadystate. Spectral analysis was performed using LCModel (Henry, Oz, Provencher, & Gruetter, 2003b C spectra were acquired on a DRX-600 spectrometer equipped with a 5-mm cryoprobe (Bruker BioSpin SA, Falländen, Switzerland) as previously described (Duarte, Cunha, & Carvalho, 2007) . FE in amino acid carbons measured in cortical extracts served to scale the 13 C curves measured in vivo ).
| Metabolic modeling
Metabolic fluxes were estimated by fitting the mathematical model of energy metabolism with two compartments-neurons and gliadescribed previously (Sonnay, Duarte, Just, & Gruetter, 2017b) . The glial compartment can be assumed to account mainly for astrocytic metabolism, as this glial cell type is the most metabolically active (Amaral, Hadera, Tavares, Kotter, & Sonnewald, 2016) . The distinction between neuronal and astrocytic metabolic fluxes relies on the assumption that pyruvate carboxylase and glutamine synthetase are exclusively present in astrocytes, that most glutamate resides in neurons, and on the ability to measure the different labeling incorporation into carbons 2 and 3 of both glutamate and glutamine, which is generated via pyruvate carboxylation to oxaloacetate (Sonnay, Gruetter, & Duarte, 2017c) . Analysis of labeling incorporation was performed separately for glucose and amino acids to reduce flux correlations and thus improve estimation reliability (Duarte et al., 2011) .
Glucose transport and consumption were analyzed by fitting both dynamic and steady-state MRS data with a reversible MichaelisMenten model . For this analysis, the contribution of plasma glucose to the measured signal was subtracted assuming a blood volume in the brain of 31 mL/g (at rest) and 34 mL/g (during stimulation), as reported for the rat cortex under isoflurane anesthesia (Kim, Hendrich, Masamoto, & Kim, 2007) . The fit of the model to the relation of cortex-to-plasma glucose concentrations at steady-state allowed to estimate the apparent Michaelis constant of glucose transport (K t ), which was then used in the analysis of glucose labeling curves, thus determining the apparent maximum transport rate (T max ) and cerebral metabolic rate of glucose (CMR glc ).
The two-compartment model was then fitted to the 13 C enrichment curves of all aliphatic carbons of glutamate, glutamine and aspartate. A time resolution of 5.3 min (128 scans) was used for glutamate C4, C3 and C2, and glutamine C4 and C3, while a resolution of 10.6 min (256 scans) was preferred for glutamine C2 and aspartate C3
and C2 to achieve sufficient signal-to-noise ratio for reliable quantifica- 
| R E SU LTS
To map cortical activity, T 2 -weighted images were acquired for anatomical reference (Figure 1c BOLD response amplitude were similar for all frequencies used ( Figure   1f ). Namely, stimulation-induced BOLD signal increase ranged between 1.6% 6 0.6% and 2.0% 6 0.6%. Since cortical BOLD response did not vary significantly with stimulation frequency, prolonged stimulation paradigms were performed with random presentation of frames with lines drifting at either 5 or 7 Hz. Sustained BOLD signal increase during stimulation was often masked by relatively large baseline fluctuations, which are probably associated to the usage of light isoflurane anesthesia (0.5%-0.7%). BOLD responses were not observable at the higher isoflurane dose of 1% (not shown). Nevertheless, a sustained BOLD response was noticeable during a 20-min stimulation in four experiments (Figure 1g ), and the mean response amplitude was 1.8% 6 0.1% above baseline (before the stimulation).
We further verified in a separate experiment outside the MR scanner that in the experimental conditions of this study, robust neuronal activity was observed in V1 over the course of many hours. An example dataset is shown in Figure 1h were reported as their sum (i.e., total choline).
Due to sporadic motion, we excluded 5 spectra in experiment #4, 2 in experiment #7, and 2 in experiment #9 from all 240 spectra saved.
In addition, one experiment (#6) was excluded from the (e) Metabolite concentrations resulting from LCModel analysis of these summed rest (R) and stimulation (S) spectra. Error bars represent CRLB. Animal #6 was excluded due to linewidth deterioration during acquisition. Abbreviations: Ace, acetate; Ala, alanine; Asc, ascorbate; Asp, aspartate; Cre, creatine; GABA, g-aminobutyrate; Gln, glutamine; Glu, glutamate; GSH, glutathione; Gly, glycine; GPC, glycerophosphorylcholine; Glc, glucose; Ins, myo-inositol; Lac, lactate; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; PE, phosphorylethanolamine; PCho, phosphorylcholine; PCre, phosphocreatine; scyllo, scyllo-inositol; Tau, taurine; tCho, total choline-containing compounds (Table 1) , and it is thus unlikely that they influence the measured neurochemical changes.
To assess cortical energy metabolism, 13 C MRS was performed during infusion of [1, [6] [7] [8] [9] [10] [11] [12] [13] C]glucose, which resulted in increased plasma glucose concentration and stable FE over the entire acquisition ( Figure   3a ). At the end of the experiment, FE of glucose C1 in the plasma was 63% 6 1%, whereas plasma lactate C3 and acetate C2 reached 36% 6 2% and 15% 6 4%, respectively. In these conditions, labeling of glucose, glutamate, glutamine, and aspartate was detected in the tree shrew V1 (Figure 3b,c) . In the cortical extracts, glucose C1, lactate C3, alanine C3, and acetate C2 had FE of 63% 6 1%, 58% 6 2%, 53% 6 4%, 4% 6 2%, respectively.
To determine glucose transport and metabolism, cortical glucose concentration was measured as a function of plasma glucose at steadystate, which resulted in K t 5 2.6 6 5.7 mmol/L for all animals ( Figure   4a ). This K t value was then used to constrain the fit of dynamic To confirm these stimulation-induced modifications in metabolic fluxes, we further analyzed group averaged labeling curves. We noted that one stimulated animal exhibited a neurotransmission rate (V NT ) in the range of the rest group (#6, Figure 4e ). Therefore, 13 C MRS experiments were split in two based on their V NT for metabolic modeling of averaged labeling curves. Experiment #2 was shorter due to physiological deterioration after 160 min and was thus excluded from this analysis. The model was fitted to curves averaged from experiments with V NT below (Group A) and above (Group B) 0.21 mmol/g/min, which is the median V NT of the eight animals (Figure 5a,b) . (Table 2 ). Faster oxidative metabolism was observed in Group B relative to Group A ( Figure 5c ; Table 2 ). In particular, we estimated faster V NT (DV NT 5 0.038 6 0.042 mmol/g/min, 120% 6 22%, p 5 0.090, and p 5 0.013 prior correction), V TCA n (DV TCA n 5 0.061 6 0.032 mmol/g/ min, 112% 6 6%, p < 0.001) and V TCA g (DV TCA g 5 0.063 6 0.057 mmol/g/min, 124% 6 20%, p 5 0.010). In Group B, the fraction of V TCA g that represents full oxidation of pyruvate was larger by 38% 6 27% than in Group A (DV g 5 0.071 6 0.052 mmol/g/min, p 5 0.002), but V PC was similar. Compared to A, Group B had also larger dilution at the level of acetyl-CoA (DV dil 5 0.079 6 0.061 mmol/g/min, 163% 6 50%, p 5 0.002). CMR glc(ox) was larger in Group B by 114% 6 7% (DCMR glc(ox) 5 0.058 6 0.032 mmol/g/min, p < 0.001). No change was observed for the two groups in V ex , V X n , and V X g , which were associated with large uncertainty (Figure 6a ). The uncertainty of these exchange fluxes was nevertheless devoid of substantial impact in the estimation of the remaining fluxes.
To reduce the correlation between the estimated fluxes, the model was fitted separately to the 13 C curves of glucose and of amino acids (Duarte et al., 2011) . After estimating CMR glc , the resulting value was fixed in the modeling of amino acid labeling curves. We verified that CMR glc was devoid of substantial effect on the estimated fluxes ( Figure   6b ). However, a larger CMR glc was associated with a larger net pyruvate efflux, calculated as V out 2 V in 5 2 3 CMR glc -2 3 CMR glc(ox) .
Tree shrews of both genders were included in the study, and their age varied from 0.5 to 6.6 years (Table 3) . Nevertheless, age and gender were homogeneously distributed across the experimental groups (Table 4) . Among all estimated metabolic parameters, we found that age was correlated with V TCA n (Pearson r 5 20.71, uncorrected p 5 0.033).
| D ISC USSION
This study demonstrates that, like neurons, astrocytes stimulate their oxidative metabolism during increased cortical activity in the tree
Metabolic flux analysis. (a) Analysis of brain glucose transport using steady-state plasma and brain glucose concentrations (G plasma and G brain , respectively) measured before [1, [6] [7] [8] [9] [10] [11] [12] [13] C]glucose infusion and when G plasma was stable for at least 1 hr. Both resting and stimulated animals are pooled together. Data before [1, [6] [7] [8] [9] [10] [11] [12] [13] C]glucose infusion were taken both at rest and during stimulation. During infusion, two steady-state time points were taken for each animal, except for animal #2 that only has one data point. (b) Typical [ , 2015; Lin, Stephenson, Xin, Napolitano, & Morris, 2012; Mangia et al., 2007; Schaller, Mekle, Xin, Kunz, & Gruetter, 2013) . This glucose reduction reflects increased glucose utilization (e.g., Collins, McCandless, & Wagman, 1987; Cruz et al., 2005; Sonnay et al., 2016) relative to the rate of glucose uptake from circulation, as confirmed by 13 C MRS. Indeed, the ratio T max /CMR glc that is indicative of brain glucose levels at a given plasma glucose (see ) was larger at rest than upon stimulation (3.7 vs. 3.0). Similar calculations using results from fitted average [ The remarkable decrease in the PCr/Cr ratio measured during stimulation was also reported previously (Chen, Zhu, Adriany, & Ugurbil, 1997; Xu, Yang, Li, Zhu, & Shen, 2005) . Creatine is mainly phosphorylated in mitochondria, incorporating therefore the high energy phosphate produced by oxidative phosphorylation, and the newly synthetized phosphocreatine is shuttled to the cytosol, where it constitutes a readily available source of energy (Wallimann, TokarskaSchlattner, & Schlattner, 2011) . A shift towards adenosine triphosphate (ATP) synthesis from phosphocreatine can be stimulated by increased adenosine diphosphate (ADP) production during enhanced neuronal activity (Chen et al., 1997) . Increased rate of ADP production further stimulates oxidative metabolism. Indeed, visual stimulation robustly induced an increase in the rate of oxidative metabolism in both neurons (V TCA n ) and astrocytes (V TCA g ).
In both Groups A and B, CMR glc was larger than CMR glc(ox) , which implies a net efflux of pyruvate or other glucose metabolites from the cortical parenchyma. This discordance between total and oxidative glucose metabolism in vivo is known as aerobic glycolysis, that is, the fraction of glycolysis that does not convert glucose to CO 2 when O 2 levels and supply are adequate. With increased V NT there was also a trend for increased net pyruvate loss (V out -V in ) of 0.41 mmol/g/min (within uncertainty), which is consistent with evidence for large increases in glycolysis associated with rapid release of labeled glucose-derived metabolites from the activated tissue (e.g., Collins et al., 1987) , which is ascribed to lactate efflux (Dienel & Cruz, 2003) . Interestingly, we observed an increase in V in with increased neurotransmission despite the large increase in the net pyruvate efflux. Furthermore, with increasing V TCA g there was also an increase in V dil , indicative of dilution of Sonnay et al., 2017a). Since we did not observe a modification of lactate concentration in the cortex during stimulation, we speculate that its extrusion from the activated tissue might also increase in the conditions of our study. This glycolysis-derived lactate can be oxidized (Duarte et al., 2015 and references therein) or released into the blood stream (Cruz et al., 1999; Dienel & Cruz, 2003 Just et al., 2013; Lin et al., 2012; Mangia et al., 2007; Schaller et al., 2013) . Interestingly, lack of V PC increase was also found in a previous study in the rat cortex (Sonnay et al., 2016) and during bicuculline-seizures (Patel et al., 2005) , which induce acute shifts in neuronal activity. On the other hand, V PC was found larger in awake than anesthetized rats (Oz et al., 2014) , and it appears to decrease with anesthesia depth (discussed in Lanz et al., 2013) . In addition to the lack of V PC changes, oxidation of glutamate in astrocytes (possible through V X ) can contribute to prevent its accumulation upon increased neuronal activity (Hertz & Hertz, 2003; Nissen et al., 2015; Sonnewald, Westergaard, & Schousboe, 1997) . Astrocytic processes enveloping synaptic terminals contain large amounts of glutamate dehydrogenase and mitochondria that allow glutamate catabolism (Karaca et al., 2015) . Moreover their glutamate transporters are physically and/or functionally coupled to Na In neurons, the increased energy production upon enhanced cortical activity is likely used for restoration of ion gradients caused by action potentials, for postsynaptic currents, for neurotransmitter packing and for Ca 21 homeostasis (Attwell & Laughlin, 2001; Ferragamo, Reinardy, & Thayer, 2009) . In astrocytes, the increase in ATP production by the TCA cycle appears to be much larger than the requirements of the increased glutamate-glutamine cycle rate per se (for glutamate uptake and glutamine synthesis). While fueling glutamate uptake and glutamine synthetase activity is fundamental for glutamatergic neurotransmission (Trabelsi, Amri, Becq, Molinari, & Aniksztejn, 2017) , it has been proposed that handling of K 1 uptake accounts for a large fraction of astrocytic energy consumption, especially at high neurotransmission rates (DiNuzzo, Giove, Maraviglia, & Mangia, 2017) . Moreover, energy produced in astrocytes might fuel the production of neuromodulators, vasoactive compounds, and antioxidant molecules (reviewed in Sonnay et al., 2017c) .
One caveat of this study is the utilization of animals with varied age (0.5-6.6 years), although tree shrews reach adulthood at the age of 2 months and have up to 12 years lifespan in captivity (Fuchs & Corbach-S€ ohle, 2010) . Cerebral glucose utilization is known to be reduced with aging (Gage, Kelly, & Bj€ orklund, 1984; Tack, Wree, & Schleicher, 1989) , and a
13
C MRS study also found reduced V TCA n in elderly versus young subjects (Boumezbeur et al., 2010) . From all fluxes estimated with our model, only V TCA n correlated with age, and this age-associated decline in V TCA n might explain why this flux was not found significantly increased in the single animal analysis.
Upon modulation of brain activity by administration of different anesthetics, Sibson et al. (1998) In sum, from the relationship of energy metabolism fluxes to a surrogate of cortical activity, V NT , we conclude that variations of neuronal and astrocytic oxidative metabolism were of similar amplitude and coupled to the rate of glutamate-glutamine cycle (V NT ), and that increases in ATP production in astrocytes extend beyond the immediate needs of glutamate recycling.
